Epidemiologic data suggest that elderly adults are more susceptible to invasive bacterial infection by indigenous gut flora than are younger adults. The purpose of this investigation was to characterize a murine model of clinically encountered peritonitis in the aged. We subjected three different age groups (young, 16 weeks; mature, 12 months; senescent, 24 months) of C57BL/6NNia mice to surgically induced peritonitis by the cecal ligation and puncture procedure. Senescent mice died in a significantly shorter time following surgery than mature mice (median time to death, 24.4 versus 38.5 h, respectively; P s 0.001). Blood, liver, spleen and occasionally, ceca were obtained at 2 and 12 h after the cecal ligation and puncture procedure and immediately following death, to characterize the bacterial kinetics of the model. Qualitative and quantitative aerobic, anaerobic, and coliform cultures were performed. No age-related differences were found in the types of bacteria isolated throughout the time course of progressive sepsis. In mice in the mature and senescent age groups, at 2 and 12 h postsurgery, gram-negative anaerobes and gram-positive aerobes predominated in all tissues that were cultured. At the time of death, however, blood and tissue isolates consisted predominately of coliform bacteria. The shift from mixed infection during sepsis to predominantly gram-negative bacterial infection reflected a similar progressive shift in bacterial types found in the cecum. At death, senescent mice had 100-fold fewer coliform bacteria in the bloodstream than those found in mature mice (2.5 x 10' versus 4.6 x 1011, respectively). The increased sensitivity of aged mice to invasive bacterial infection documented in this series of experiments accords well with human epidemiologic experience and demonstrates the appropriateness of the model for continued investigations of sepsis in the aged.
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The gastrointestinal tract is a commonly reported source of bacteremia, which has been associated with fatality rates that exceed 30% (13) . Advanced age has been identified as a major risk factor for the development of postoperative septic complications following abdominal surgery (14) . Likewise, mortality rates from complicated appendicitis are reported to be 5-to 10-fold greater in elderly than they are in younger individuals (8) . These epidemiologic data suggest that associated with the process of aging is an increased incidence and sensitivity to invasive bacterial infection with indigenous gut flora.
To develop an animal model of sepsis in the aged, we performed preliminary studies of lethality caused by surgically induced peritonitis in mice of different ages. The cecal ligation and puncture procedure (CLP) was selected because it mimics clinically encountered peritonitis in the following ways. Indigenous gut flora are seeded into the systemic circulation from a remote septic focus, blood cultures are positive, and the insult is polymicrobial (20) . Also, the CLP model has been well characterized and has been used to investigate the protective effects of endotoxin, interleukin-1, and tumor necrosis factor pretreatment in lethality studies and to characterize the bacteria found in the blood and peritoneal fluid of septic mice (9, 17, 18) . As observed in humans with septicemia, mice exposed to endotoxin or subjected to CLP-induced peritonitis manifest an early, hyperdynamic metabolic response followed by a late, hypodynamic phase and death (16, 17) . The shift from hyperdynamic to hypodynamic status following challenge with endotoxin or CLP is consistently reproducible and predictable throughout the time course of progressive sepsis (17) .
Age-related differences in plasma corticosterone and glucose homeostasis following exposure to endotoxin have been documented in aging mice (16) ). The cecum was exposed, and the intestinal contents were milked from the large bowel into the cecum until it became mildly distended. To maintain bowel continuity, a tight ligature was placed around the cecum with 4-0 sutures, distal to the insertion of the small bowel. Two puncture wounds were made into the antimesenteric serosal surface of the cecum with a 20-gauge needle, and a small amount of cecal contents was expressed through the wounds. The cecum was replaced into the peritoneal cavity. The anterior peritoneal wall was closed with 4-0 silk sutures, and the skin was apposed with surgical staples. The incision was dressed with a topical antibiotic (0.2% nitrofurazone; Vedco, Overland Park, Kans.), and the animals were allowed to recover. In lethality studies, 1 ml of sterile saline was injected subcutaneously to prevent postoperative hypotension. Since the average body weight was 35.7 g for mature mice and 30.2 g for senescent mice, the fluid resuscitation volume was greater in the older animals. However, in subsequent bacteriology studies in which no fluid was administered following surgery, no significant difference (P c 0.80) in mean time to death, regardless of age, was seen to be due to fluid resuscitation. Mice were physically examined before surgery and were not admitted to the experimental protocol if signs of fever, malaise, immobility, upper respiratory disease, or tumors were found. Aging animals with degenerative lesions of the seminal glands were not excluded from the study.
Progressive pathophysiologic metabolic response following CLP. Five physiologic parameters were measured to facilitate characterization of the progression of sepsis from hypermetabolism to hypometabolism following CLP. Six mice were tested prior to surgical manipulation, and six mice were tested at 2 and 12 h post-CLP. Systolic blood pressure, heart rate, body temperature, blood glucose levels, and liver glycogen levels were measured. The hypermetabolic phase of sepsis was evidenced by hyperglycemia, tachycardia, and hypertension, while hypometabolism was characterized by a reversal of these parameters (21) . Blood glucose was determined with a glucose analyzer (Beckman Instruments, Inc., Fullerton, Calif.) by the glucose oxidase method (4). Liver glycogen was purified by ethanol precipitation and was measured as glucose following a-amyloglucosidase treatment (10) . Rectal temperatures were recorded with a digital thermometer while the animals were held at room temperature. Heart rate and blood pressure measurements were obtained with a tail cuff pressure transducer and polygraph (Narco Biosystems, Houston, Tex.).
Lethality studies. Approximately 35 mice from each of the three age groups were used for lethality studies. Following CLP, animals were allowed to recover from anesthesia and were observed for 48 h. The time to death after surgery for each animal was noted and recorded.
Bacteriology of sepsis. A total of 18 mature mice and 18 senescent mice were made septic via CLP; and samples of blood, liver, and spleen were submitted for bacteriologic investigation at intervals after surgery. Samples from 6 of the 18 mice from each age group were taken when the mice were in the hypermetabolic phase of sepsis (2 h post-CLP); samples were also taken from 6 mice in the hypometabolic phase (12 h post-CLP) and from 6 mice at the time of death. Following the sampling at 12 h, the remaining mice were observed at approximately 30-min intervals for signs of pending death (moribund, labored breathing, shaking, and hypothermia), and blood and tissue samples were obtained immediately at the time of death. There was no delay in obtaining postmortem samples for bacteriologic culture. Quantitative and qualitative bacteriology was performed on each tissue sample. Samples from the cecum for culture were taken from several animals at 2 and 12 h post-CLP and at the time of death.
Bacterial culture methods. Blood was obtained under ether anesthesia or at the time of death from the brachial artery and immediately serially diluted 10-fold in prereduced, anaerobically sterilized salts solution (6) . The diluted blood was transferred rapidly to prereduced brain heart infusion (BHI) agar plates, supplemented with 0.02% vitamin K-1.0% hemin-0.05% cysteine (6) MTD for senescent mice versus that for mature mice was statistically significant (P < 0.05).
Pathophysiologic metabolic responses following CLP. Data characterizing the metabolic dynamics of CLP are presented in Table 1 . Blood pressure, heart rate, and blood glucose levels were elevated at 2 h post-CLP, while liver glycogen and rectal temperatures were depressed. These findings were indicative of the acute hyperdynamic metabolic phase of sepsis. By 12 h post-CLP, all physiologic parameters measured were depressed, indicating the hypodynamic phase of sepsis.
Shift from predominately gram-positive to gram-negative bacteria as sepsis progressed. Because the lethality data revealed statistical differences only between mature and senescent mice, we elected to restrict bacteriologic studies to mice in these two age groups. In mice in both age groups, the species of bacteria isolated from the blood following CLP reflected those isolated from the liver and spleen. Likewise, the bacterial species isolated from the blood were similar between mice in the two age groups. The data in Table 2 represent the combined results of aerobic BHI blood cultures isolated at 2 and 12 h post-CLP and at the time of death from mice in both age groups. At at the time of death, however, gram-negative bacteria predominated (13 gram-negative isolates versus 5 gram-positive isolates). Chi-square analysis revealed a shift in predominating bacteria from gram positive to gram negative as sepsis progressed (P < 0.002).
Shift from predominately anaerobic to aerobic gram-negative bacteria as sepsis progressed. The data presented in Table  3 reveal combined results from anaerobic blood cultures of mice in both age groups. At 2 h post-CLP, anaerobic bacteria predominated. By 12 h, there was a mix of aerobes and anaerobes, and at the time of death aerobic coliform bacteria predominated. Chi-square analysis revealed a progressive shift in the type of bacteria isolated from the blood (P s 3.9 X 10-8).
Cecal cultures. In seven mice that were representative of both age groups, samples of the cecum were taken, in addition to those of blood, liver, and spleen, for culture. Ceca were sampled at 2 and 12 h post-CLP and at the time of death by culture methods identical to those described above for other tissues. Comparison was made between the three predominating colony types found on the aerobic BHI plates. If one of the three predominating isolates selected for identification from the cecum was also one of the three predominating isolates found in the other tissue samples, that cecal isolate received a concordance score of 1. If a predominating cecal isolate was not one of the three predominating species isolated from other tissues, that isolate received a discordance score of 1. At 2 h post-CLP, there were At 2 and 12 h post-CLP, total liver bacterial counts were consistently 2.5 log units greater than blood or spleen counts. These findings are consistent with the notion that the liver is the major organ for trapping and eliminating bacteria from the blood. At the time of death, however, liver counts were similar to blood and spleen counts.
As sepsis progressed in mice in both age groups, coliform counts increased in proportion to the total bacterial counts. At 2 h post-CLP, senescent animals lacked coliforms in blood, liver, and spleen, while approximately 0.1% of the liver bacterial load in mature animals was made up of coliform bacteria. By 12 h post-CLP, coliform counts accounted for approximately 1% of the total bacteria in the livers in mice in both age groups. Although liver bacterial counts in senescent mice appeared to be 10-fold higher than those in mature mice, the difference was not significant (P < 0.12). At the time of death, total bacterial counts (anaerobic BHI plates) in mice in both age groups were approximately equal to the coliform counts (McConkey's agar), thus indicating a predominance of coliforms.
Bimodal distribution of total blood counts for mature and senescent mice at the time of death. Total bacterial blood counts (anaerobic BHI agar plates) for senescent mice versus those for mature mice sampled at the time of death are presented in Fig. 3A . The data are presented to highlight the variation in total counts within each age group and to reemphasize the point that when death occurred, animals in both age groups were experiencing gram-negative sepsis (Fig. 3B) . The mature mouse group had approximately 2 log units, or 100-fold, more bacteria in the blood at the time of death than those found in senescent mice. In mice in each age group, there were two subpopulations of animals. The differences between the subpopulations are presented in Table 5 . Animals that died early following CLP had consistently low bacterial counts and mixed blood cultures, while those that lived longer tended to have high bacterial counts that consisted solely of coliform bacteria. The reason for the bimodal distribution of bacterial counts from septic animals was not apparent from gross postmortem examination.
Because there was a bimodal distribution of bacterial counts mice in each age group, comparison by parametric statistical analyses is not valid. However, we opine that 2 log units, or 100-fold, less bacterial load at the time of death suggests a biologic difference. By assuming that there is a biologic bimodal distribution of animals within each age group and by selecting the subpopulations of mice that died late with pure cultures and those that had high bacterial counts, parametric tests became appropriate since the subpopulations were normally distributed. Student's t test analysis revealed a borderline statistical age-related difference in blood counts between mice in the two age groups (P c 0.053). 
DISCUSSION
Age-related defects in acquired immunity have been recognized and extensively documented (19) . In vitro observations of the reticuloendothelial system in aging mammals suggest that there are age-dependent alterations of innate function (3, 15) . To our knowledge, this is the first investigation that demonstrates an age-dependent increased sensitivity to a bacterial infection that mimics clinically encountered peritonitis. The bacterial kinetics of the CLP model, with respect to quantitative culture of blood, liver, spleen, and cecum, have not been reported previously.
In senescent mice, increased sensitivity to the lethal effects of bacterial peritonitis was manifested by shorter survival times following CLP (MTD of 24.4 versus 38.5 h for mature mice). The factors that determine the length of time animals survive following an acute overwhelming bacterial insult are complex. Endotoxins, cytokines, and other mediators perturb homeostatic responses and contribute to multiple organ system failure and death (2) . Lethality studies provide a measurement of the relative sensitivity of a group of animals to a specific stress. In the study reported here animals were subjected to the stress of intraabdominal surgery followed by the stress of bacterial sepsis. It was thought that these stresses might amplify age-related differences in immune function, which could be assessed by differences in bacterial counts of infected tissues.
In bacterial kinetic studies performed on mice that were made septic by CLP, the initial bacterial counts and bacterial species isolated did not differ as a function of the age of the mice. There were no apparent age-related differences in bacterial clearance and killing, as manifested by approximately equal blood, liver, and spleen counts at 2 h. The approximately 10-fold higher liver bacterial count in senescent mice at 12 h compared with that in mature animals suggests that more rapid hepatic clearance in older animals may underlie increased sensitivity to sepsis. Although the difference noted was not significant (P < 0.12), additional studies are under way to examine the possibility. A significant observation in this study was that senescent animals died with a 100-fold lower bacterial burden. It is not known whether the higher bacterial counts found in mature mice resulted from reduced bacterial killing as sepsis progressed or reflected increased bacterial multiplication because of the longer host survival time. We suspect the latter possibility is the case, and it is hoped that work in progress will clarify the point. It is quite possible that no difference in susceptibility to infection per se exists between mice in the two age groups; however, the senescent animals were certainly more sensitive to the effects of sepsis. It is clear from our results that in septic mice with longer survival time, regardless of age, increased numbers of bacteria were found in blood and tissue and were more likely to be coliform organisms (Table   5 ).
Microgram quantities of endotoxin administered several days prior to CLP have been shown to reduce the postsurgical mortality rate from 81.3% of age-matched controls to 18 .8% of pretreated animals (17) . Endotoxin-pretreated animals were, thus, more resistant to the lethal effects of bacterial peritonitis. In bacteriologic studies of septic mice following CLP, endotoxin pretreatment reduced the level of bacteria in the bloodstream and peritoneal fluid 100-fold (9) . The decrease in total bacterial burden associated with pretreated animals was particularly evident in a reduction in the number of aerobic coliform bacteria (9, 17 and the 100-fold reduction in aerobic coliform bacteria at the time of death provide strong support for the hypothesis that senescent mice are more sensitive to the lethal effects of CLP. The transition from predominately mixed bacterial sepsis to pure aerobic coliform sepsis, with increasing host survival time, was not surprising since that trend has been reported previously (9, 17) . We suspect that the microenvironment within the ligated, punctured cecum changes over time with respect to pH, nutrient supply, redox potential, flushing action of defecation, and other parameters that are intimately involved in the homeostasis of gut bacterial flora (5) . Changes in these parameters may provide strong selective pressures that favor the multiplication of particular bacteria. Although a detailed bacteriologic study of the cecal flora was not performed in this study, we did not observe any agerelated differences in the three predominating colony types isolated from the cecum at various stages of infection. In the CLP model, the cecal microenvironmental changes were manifested by a shift in predominance from anaerobes and gram-positive bacteria to a predominance of aerobic coliform bacteria. The strong correlation between cecal isolates and blood and tissue isolates suggests that the shift in bacterial species recovered from the blood and reticuloendothelial system tissues as sepsis progressed did not result from ineffective clearance or killing of resistant organisms. It is more likely that the bacteria isolated from tissues such as liver and spleen reflected the same type of bacteria that were being seeded continuously into the circulation from the ligated cecum.
In summary, senescent mice were more sensitive to the lethal effects of CLP, as evidenced by a shorter MTD and lower bacterial counts at the time of death. By using bacterial counts in blood, liver, and spleen as indirect measures of innate immune system effectiveness, no age-related defects were identified between the two groups during the hyper-or hypodynamic (2 and 12 h, respectively) phases of sepsis. Blood and tissue isolates reflected a transition within the ligated cecum from predominately anaerobic bacteria and gram-positive aerobes to aerobic coliform bacteria. The increased sensitivity of aged mice to invasive bacterial infection documented in this series of experiments accords well with human epidemiologic experience and demonstrates the appropriateness of the model for continued investigations of sepsis in the aged.
